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DESCRIPTION AND OPERATION MANUAL FOR
THE ACTIVE WELL COINCIDENCE COUNTER

by

Howard O. Menlove

ABSTRACT

An Active Well Coincidence Counter (AWCC) has been
developed to assay uranium fuel material in field inspec-
tion applications. The operation of the AWCC is based
on active neutron interrogation using a small AmLi neu-
tron source and counting the induced fission neutrons
with high-efficiency 3He detectors operated in the co-
incidence mode. 1In comparison with the conventional fast
random driver assay system, the AWCC is more portable,
lightweight, stable and less subject to gamma-ray back-
grounds.

The unit is useful for the measurement of bulk UOj
samples, high-enrichment uranium metals, LWR fuel pel-
lets, and 233y-Th fuel materials, which have very high
gamma-ray backgrounds. By removing the AmLi source, the
unit can measure 238U and plutonium in the passive
neutron coincidence mode.

This manual describes the system components, setup,
calibration, and operation of the AWCC, which has been

developed for field inspection applications by IAEA
inspectors.

I. INTRODUCTION

The passive neutron well coincidence counter has proven to be
one of the most useful NDA instrument for plutonium assay. IAEA
inspectors have found the portable high-level neutron coincidence
counter (HLNCC) unit1 particularly useful for field applica-
tions. However, the instrument has not been applicable to the
assay of U or U because of their extremely low sponta-
neous fission yields. To make this type instrument applicable to
the two uranium isotopes, we have used a combination of a small

1



AmLi neutron interrogation source and a 3He thermal-neutron

well coincidence counter. This Active Well Coincidence Counter
(AWCC)2 can be used for uranium samples, including high gamma-
ray background materials such as 233U---Th fuels of special
interest for alternative fuel cycle concepts.

This type instrumentation was first investigated by J. Foley3
in 197:1; however, at that time, the electronics for coincidence
counting were not advanced enough to handle the high accidental
background rates from the (a,n) neutron source. Also, no special
shielding techniques were used to reduce the neutron background
from the interrogation source.

In comparison with the conventional fast random driver (RD),4
the neutron well coincidence counter is more portable, light-
weight, stable, and less subject to effects of matrix materials
and gamma-ray backgrounds. This last feature makes it applicable

to 233U-Th fuel cycle materials which generally have very high

gamma-ray backgrounds from the decay of 2320.

In the past, when an interrogation source was used with the
thermal-neutron well coincidence counter, the 30- to 100-us gate
lengths results in a pile-up of accidental counts from the random
interrogatidn\source (AmLi). To alleviate this problem, we are
positioning the AmLi source inside CH, shielding to take advan-
tage of the greater transmission of the induced prompt fission
neutrons (l- to 2-MeV average energy) compared with the AmLi neu-
trons (v400-keV average energy). With this technique, the induced
signal-to-interrogation neutron background ratio can be improved
by more than an order of magnitude.

The AWCC can also be used for the passive assay of plutonium
by removing the small (v5 x 104 n/s) AmLi neutron sources. Be-
cause the efficiency of the AWCC is about three times higher than
the HLNCC, the coincidence counting rate will be about an order of
magnitude higher for the AWCC.

The AWCC has been designed to take advantage of the portable
electronics package that was developed for the HLNCC. To keep
this initial model as simple as possible and to take direct advan-
tage of the previously developed electronics package, no neutron

2



flux monitor has been incorporated into the present AWCC. Flux
monitors are often used with active neutron assay units to make
corrections for neutron self-shielding or for neutron moderation
in hydrogeneous matrix materials. Operational experience with
the present model will be used to evaluate the need for a flux
monitor in more advanced models.

IT. SYSTEM DESCRIPTION
A. Detector Body

Figqure 1 is a schematic of the AWCC which has a design opti-
mized for counting the induced-fission reactions and discriminat-
ing against the lower energy AmLi background neutrons. The sample
cavity wall is lined with a 2.54-cm-thick nickel reflector to give
a more penetrating neutron interrogation. The CH, moderator
and cadmium sleeves are designed to give maximum efficiency for
counting the induced- fission spectrum neutrons and at the same
time have a low efficiency for counting the (ax,n) neutrons from
the AmLi interrogation source. Thégoptimum CH, moderator thick-
ness between the sample and the “He tube is "5 cm for fission
neutrons and v2 cm for AmLi neutrons. Thus, the thick CH2 in
the end plugs and wall of the well detector forms a neutron shield
to reduce the AmLi counting efficiency. If the CH, shielding
material is removed from the end plug, the background totals rate
from the AmLi source increases by a factor of v5 and the coinci-
dence background rate by a factor of ~25. This selective shield-
ing of the interrogation source is the primary factor making it
possible to use the 3He thermal-neutron detectors with their
long coincidence gate length requirements.

The nickel reflector on the wall of the interrogation cavity
gives a more penetrating neutron irradiation and a slightly better
statistical precision. With the nickel in place, the maximum
sample diameter is 17 cm. For larger samples, the nickel can be
removed giving a sample cavity diameter of 22 cm.

A cadmium sleeve is placed on the outside of the detector to
reduce the background rate from low energy neutrons in the room.
There is also a sleeve of Cd in the detector well to remove



thermal neutrons from the in-
terrogation flux and to improve
3He
detectors and the AmLi source.

the shielding between the

B. Neutron Sources

The present AWCC uses two
AmLi neutron sources purchased
from Monsanto Research Corpora-
Ohio. Table 1
characteristics of

tion,
lists the

Dayton,
the sources and Fig. 2 1is a
photograph of one of the
sources. Figure 3 is a sche-
matic diagram of the tungsten
shield, fabricated at LASL,
that is placed around the AmLi
source to reduce the gamma-ray
dose. The source gives a dose
6f 0.4 rém/h in air at a dis-
tance of 30 cm and less than
0.1 rem/h at

the assay system.

the surface of

The AmLi sources have a long

=
M M
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COINCIDENCE COUNTER
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Schematic diagram of Active Well
Coincidence Counter (AWCC) show-
ing normal configuration of end
plugs and AmLi neutron sources.

half-life (432 yr) so the original

source will last for the life of the assay system.

The optimum source strength for the present AWCC is

n/s for each source.
tion are given in Appendix A.

5 x 104

Details leading to this source yield selec-

To obtain a more uniform spatial interrogation, two neutron

sources of similar yield are used.
in the bottom plug as shown in Fig. 1.

One is in the 1lid and one is

The use of two sources

results in a rather uniform vertical response as shown in Section

IV-B.

C. End Plugs for the Neutron Sources

The 1id and bottom plug serve as the neutron shields for the

AmLi interrogation

counting efficiency by reducing neutron end losses.

4

sources and also as

reflectors to increase

They are made



TABLE I

241Am02-Li

Source Number Am't of 24lam

MRC-AmLi-79
MRC-AmLi-80 0.66 Ci

Technical Information

Chemical Form:
Isotope:

Source Container Description:

Shipping Container:

Fig. 2.

Photograph of AmLi neutron
source inside its tungsten con-
tainer (or pipe).

of CH2 with Cd plates

NEUTRON SOURCE CHARACTERISTICS

0.68 Ci or 0.198 g
or 0.191 g

(0.81 mm thick)

Li Emission Rate
1.4 g 4.8 x 104n/s
l.4:qg 4.6 x 104n/s
AmO 2
Am-241

MRC Model 24132;
Steel 20 mm O.D.

Stainless
x 50 mm O.L.

10 gal drum, 6M-1023
USDOT Spec. 6m, Type B

T \\22%;/

AmLi -NEUTRON SOURCE

L b————50 cm——
I R 74 cm = "
Fig. 3.
Schematic diagram of tungsten
holder for the AmLi neutron
sources.

on the ends adjacent to

the sample to prevent thermal neutrons from entering the inter-

rogation cavity.

Figure 4 shows a diagram of the end plugs and inférrogation

cavity. The plugs have

removable CH2

discs which serve as

spacers and can be removed to effectively increase the height of

the sample chamber..

By removing the 2.54-cm-thick discs on the



top and bottom plugs, the cav- L ENEUTEGHR
ity will accommodate a sample N SOURCE

Il

that is 25 cm tall. Larger

N

sizes can be accommodated by

removing additional discs as T

listed in Table II. The pur- 20cm
pose of the CH2
to give a higher interrogation

spacers is

flux for small samples (<20 cm
high) by positioning the AmLi ~
sources closer to the sample. L‘_22cm_.

\%
;
AN

The discs are removable to

483 cm——
accomodate larger samples when

1 Figc 40
necessary. The spacer discs P :
4 P Schematic diagram of end plugs
should always be removed the and sample cavity for "normal"”
same in the top and bottom measurement configuration.

plugs to maintain the spatial interrogation symmetry in the sample
chamber.

TABLE II

END PLUG CONFIGURATIONS

Cavity Passive Counting Relative Assay
Plug Configquration Height Efficiency?@ Timeb
Full discs 20 cm 26% 1.00
Small disc removed 25 cm 28% 1.44
.Both discs removed 35 ¢cm 31% 3:03

(a) Passive efficiency corresponds to absolute totals efficiency
for a spontaneous fission source (252Cf) placed in the
center of the sample chamber.

(b) Corresponds to relative measurement time to reach the same
precision for the same sample.



P
AmLi NEUTRON
H || SOURCE

The 4-cm-thick CH2 ring //
on the sample cavity side of 4

both end plugs has the function '
of shielding the AmLi sources [
from the 3He detectors. This ki
ring can be removed if neces-
sary because of sample size.
Because changing the ”
spacer configuration changes -//;;j/
the interrogation flux and |‘_22cm___|
counting efficiency, the #id. 5.
calibration must always Dbe Schematic diagram of end plugs
done with the same configura-  and. sample cavity for maximum

. sample volume.
tion as the actual assay.

Table II 1lists the efficiency for counting the fission neutrons
from the center of the well and the relative assay time for the
different and plug configurations. As expected, the measurement
pre cision is best when the sample cavity is the smallest. Some-
what unexpected, the passive counting efficiency increases for the
larger cavity configurations. This is caused by the larger end
plugs shielding the ends of the 3He tubes from the fission
neutron source.

Figure 5 gives a schematic diagram of the AWCC in the configu-
ration for maximum sample volume. Any deviations from the normal
configuration as shown in Fig. 4 should be carefully documented at
the time of calibration and subsequent assay.

D. Neutron Detector Tubes

The unit uses 42-3He gas tubes (Reuter-Stokes model RS-P4-
0820-107-W) that are 2.54 cm diameter and 50.8 cm long (active
length). The 3He gas has 5% CO2 added to improve gamma-ray

insengitivity as compared to the normal additives. Experimental
tests have shown that this gas mixture is better for gamma-ray

insensitivity than the normal mixture that is used by Reuter-
Stokes to get the best resolution. Good energy resolution is not
important for the present application.' The detectors are matched
to operate at the same high voltage (1500 V) with a resolution of

approximately 9%.
7



Fig. 6.

Photograph of 3He detector ring partially removed from the CH%
body.

Figure 6 shows the top of the AWCC with the detector bank
raised about 10 cm to show the individual 3He tubes in the CHj
matrix. The top annulus shown in Fig. 7 is the high voltage dis-
tribution box which is used to connect the detector tubes with the
high-voltage (HV) and signal leads. The detectors are wired to
give 6 groups of 7 tubes each. The 6 separate lines of elec-
tronics fed into the preamplifier box attached to the back of the
AWCC under the handle as shown in Fig. 8.. For high counting rate

applications, the main source of deadtime is the pulse pileup in
the amplifier. Thus, the 6 amplifiers lines are used to reduce
the rate on each individual line.



The HV junction box shown
in Fig. 7 contains a desiccant
to reduce the moisture content
in the box to prevent HV break-
down. The 1id of the junction
box is sealed to the body with
a rubber gasket.

E. Electronics

The electronics for the
present unit are the same as
that wused for the HLNCC.S
The preamp box shown in Fig. 8
contains the HV input for the
3He detectors and separate

preamps for the 6 1lines of

electronics. This box stays Pig. 7.

attached to the AWCC during Tgp view of HV distribution pOx
; : with cover removed to show wir-
use and transit. The signal ing hook-ups to the 3He tubes

leads from the preamp box are for the 6 lines of electronics.
connected to the main elec-

tronics package shown in Fig. 9. This unit contains the HV and
low voltage power supplies, 6 amplifier discriminator lines, a
microprocessor, and the shift register7 coincidence logic.

The electronics unit is directly interfaced to the HP-97 pro-
grammable calculator shown in Fig. 9. A microprocessor in the
unit reads out the run time, total counts, reals plus accidental
counts, and accidental counts to the HP-97. The HP-97 is then
used to reduce the data using the software package selected by the
operator.

Details concerning the design, fabrication, and operation of
the electronics system is published elsewhere.1'5'7
F. Detector Cart and Portability

A side view of the AWCC cart is shown in Fig. 10. This cart
is a standard hand truck (Harper Model No. 5214) which has been
modified to accommodate the detector and electronics package. The
detector is attached to the cart and it stays attached for both

9



both shipment and use. During
shipment the electronic package
and HP-97 1lift off the cart and
they are placed in a Fiberglas
case that is provided for ship-
ment and storage. The support
rack for the electronics folds
out of the way. For movement
within a building, the elec-
tronics can remain attached to
the detector and cart.

The AWCC plus cart weighs
approximately 125 kg. The
cart 1is designed so that one
person can move the unit over
minor obstacles such as small

steps.

ITI. OPERATION OF ASSAY SYSTEM
A. Sample Categories

The assay system can be
applied to a wide variety of
sample types. For the impor=-
tant case of PuO, and pluto-
nium metal, the AmLi sources
are removed from the top and
bottom end plugs, the unit
then operates the same as the
HLNCC but with

higher efficiency.

substantially

Active mode, neutron inter-

rogation is used for 2350

233U

and These

assay.
materials are typically found
in the form of metal buttons,
cans of U0, powder and

10

Fig. 8.
Back view of AWCC and preamp box
with the electronic support tray
down in position for shipment.
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Fig. 9.
Electronic package including the shift register unit which is
directly interfaced into the HP-97 calculator.

pellets, U-Al alloy scrap, and fuel rods. Examples of the
HEU-buttons = and UO, powder are shown in Figs. 11 and 12,
respectively.

For most cases the counter should be operated in the "normal"
configuration as shown in Fig. 4. 1If the sample is too large to
fit in the cavity, the spacer discs and/or Ni liner can be re-
moved as needed.

I



: Fig. 10. “Fla. 11,
Photograph of complete AWCC sys- High-enrichment (93% 235y)
tem including detector, cart, uranium metal discs (or buttons)
and electronics for automated which are clad with nickel ¢to
data collection and analyses. prevent contamination.

For those cases where a thermal-neutron mode of operation is
desired (e.g., low enrichment UO2 or low content scrap), the
inside Cd sleeve can be pulled out and the Cd caps can be removed
from the end plugs. This operation requires a screw driver and
normally takes about 10 minutes to complete.

For application to long samples such as fuel ronds or plates
which will not fit inside the closed cavity (i.e., lengths greater
than 45 cm), the unit can be turned on its side and the end plugs
removed as shown in Fig. 13. The electronic unit support arm must

be closed and the electronics can be placed on a nearby table or
the floor.

12



The two AmLi neutron
sources should be removed from
the end plugs and placed 1in
the CH2 holder which is
positioned in the center of
the through hole as shown in
Fig. 13. 1In this mode of oper-
ation, there is a sharp drop
off in the interrogation effi-
ciency as a function of axial
position out from the center
of the detector. Thus,~ to
uniformly measure the materi-
al, the sample must be scanned
along the axis. Alternative-
ly, for limited sample lengths,
a two position measurement
techniquel can be used.

B. Normal Setup

: Remove AWCC unit from
shipping container or storage
location, and wheel to desired
measurement location. If pos-
sible, select a location with-
out high neutron backgrounds.

.28 Open sample well and
check that the end plugs are
in the "normal" configuration.

Fig. 12.
Top view of AWCC showing sample
chamber and typical can contain-
ing U30g.

Check that the Cd sleeves and Ni liner are in place.

3. Remove all storage parts from the sample cavity.

4, Lift up the support arm for the electronic package and

hook it to the top of the cart.

5 Place the electronic unit on the support with the HP-97
on top of the electronic unit as shown in Fig. 9.

13



6. Connect the multiwire

cord and the SHV cable between F srem %

the back of the shift register Cd SLEEVE
electronics unit and the preamp (e ]

box mounted on the cart. Also —= .

connect the ribbon on the HP-97 a;m1 — Al
to the back of the electronics

unit. é;} (F

¥ Confirm that all FLQOR 7

4

switches and dials are in the
proper positions (see Ref. 1)

: . - Fid. 13.
before plugging in the ac line Schematic diagram of AWCC show-
cord, o’ ing side operation to accommo-

date long samples such as fuel

8. Turn on the power rods and trays.

switch and the HV. The HV and

discriminator should be set to the same values as when the calibra-
tion was performed. The normal settings for the HV is 1510 V, the
discriminator level is 3.0 V, and the gate is 64 us.

9. Remove the end plugs (i.e., the AmLi sources) and measure
the room background. This background rate should not be higher
than a few hundred counts per second. The end plugs should be re-
moved far enough from the detector that they do not significantly
contribute to the rate.

10. With the end plugs back in the normal configuration, take
a 100 s count and check that the net totals rate is statistically
the same as when calibration took place. Also check that the net .
coincidence rate is statistically equal to zero.

11. If no problems have been encountered, the unit is ready
to receive the desired software program in the HP-97. 1Instruc-
tions for a more complete check-out of the electronics system is

given in reference 1.
C. Measurement Steps

1 Before placing the first sample in well, take a 100 s
background run to establish room plus source background levels.

14



s If sample container height permits, place the 5-cm thick
Al spacer on the bottom of the assay well. This is possible for
containers that are less than 15-cm tall. By positioning the bot-
tom of the sample at 5 cm, the next 10 cm of the counting well are
in the flat response region (see Section IV-B). This geometry
should be satisfactory for most HEU buttons and small cans.

3. For larger sample containers, open the geometry of the
sample cavity but make sure that the calibration took place with
the same configuration.

4, Insert the magnetic card in the HP-97 that corresponds to
the desired assay program and printout format. Details concerning
the HP-97 software programs are given in Ref. 1.

5 Attempt to position each sample in the well in the same
relative position and record available information on gross weights
and fill heights.

D. Calibration

Calibration of the system should be performed with samples that
match the assay samples as closely as possible. Important param-
eters are enrichment, uranium density, and size. Because the cali-
bration curve is nonlinear, more than one calibration standard is
normally needed. For those cases where the calibration standards
are inadequate, computer calculation methods are being developed
to help bridge the gap.

The calibration standards are used to generate the fitting pa-

rameters for the selected functional form. Examples of such func-
tions are: .

R =a(l - e Pm ,
R = am

b I
R = am + bm2 5

where R is the real coincidence response and m is the fissile mass.
Other forms might be required to match the particular sample cate-
gory. Once the desired functional form and parameters have been

15



established, day-to-day operation can wusually be accomplished
using a "normalization" sample to confirm that the system has not
changed. If minor shifts have taken place, a simple renormaliza-
tion is usually possible.

If it is necessary to calibrate the system at a location dis-
tant from the subsequent assay location, it is desirable to meas-
ure a normalization sample at the time of calibration and to
measure the same sample at the assay location. If this is not
possible because of lack of material or transportation problems,
the AmLi sources in the end plugs can be used to check the system.
If these sources give the same net totals rate at the time of cal-
ibration and assay, then that gives a reasonable confirmation that
the electronics have not changed. However, the neutron interroga-
tion efficiency is not checked by this procedure. It is desirable
to have physical standards at the assay location when possible.

Once the calibration function and fitting parameters have been
established, these can be put in the HP-97 via the magnetic pro-
gram card. Detailed procedures for doing this will be developed
elsewhere.

IV. PERFORMANCE CHARACTERISTICS
A. Introduction

The performance of the AWCC depends on the. configuration of
the end plugs and sample cavity. The data referred to in this
section will correspond to the "normal" configuration as shown in
Figs. 1 and 4 unless stated otherwise. The configurations with -
larger sample cavities will generally have slightly lower counting
rates and larger statistical errors, but a more uniform spatial
response.

The performance characteristics are summarized in Table III.
The coincidence counting rates are not of high importance because
the statistical error is dominated by the accidental coincidence
rate. The real coincidence counting rate increases by a factor of
~70 in going from fast-neutron interrogation to thermal-neutron

e . ; 235
interrogation. The sensitivity 1limit 1is 1l g U . -far  the

thermal-neutron mode and 23 g 2350 for the fast-neutron mode.

16



TABLE III

PERFORMANCE CHARACTERISTICS OF AWCC

Neutron Interrogation

Thermal Mode Fast Mode
Low Enrichment U30g 11 counts/s g 235U 0.15 counts/s g 235y
High Enrichment Metal NA 0.10 counts/s g 233y
Sensitivity Limit?@ 1 g 235y 23 g 235y
Measurement
Precision (1000 s) 1.5%/20 g 235u 3.8%/200 g 235y

a Defined as net coincidence signal equal to 3 of background
for 1000 s count.

In this case sensitivity is defined as a net signal level equal to
three times the standard deviation of the background for a 1000 s
measurement time.

B. Sample Position Effects

For assay applications, it is desirable to have a uniform
response for all locations within the measurement chamber. To
help achieve this goal, AmLi sources are located in both the top
and bottom end plugs. This symmetric source arrangement gives a
more uniform vertical response. The uniformity is helped by the
fact that the efficiency for counting the induced-fission neutrons
is greatest in the central section of the well counter. to meas-
ure the spatial response uniformity, a flat disk sample (l-cm-
thick) containing 500 g of 235U was measured at increments from
the bottom to the top of the chamber, with the AmLi source posi-
tioned in both the bottom and top plugs. The induced response vs
height is given in Fig. 14. The response is uniform (+2%) for
sample fill heights between 5 and 18 cm. For a single source
located in the bottom, the response changes by more than a factor
of 4 over the same height range.
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Table IV gives the relative SAMPLE FILL HEIGHT (cm)

response as a function of sam- o T ? T ? '? }2 T 6 'f 20
|
ple fill height for two cases. L T |
The first case corresponds to - ‘*M-_Hm_'
L= o oo
the recommended configuration i € BOTH SOURCES o
= = N —
with the 5-cm-tall  spacer < “a /‘/
. , 0.8 — ~ =i
under the container to obtain 2 et ‘/
wi L s ]
better uniformity. The second 2 BOTTOM \“; '
SOURCE N - ToP s0
case corresponds to a tall (>15 Z 06— ‘\<,’ SOURCE
(&) Paty
cm) container placed directly = - ’,’ L% —
N e
on the bottom of the assay 3 0.4 /‘/’ Y, =
= LN
chamber with no spacer. In § o » l " i
-~ ~
the second case the response Bl A Su |
is about 6% larger for fill i
heights of 1-2 cm as compared L L
o] . [
with the middle region. How- 0O 2 4 & 8 10 12 14 16 I8 20
. VERTICAL HEIGHT (cm)
ever, for the case using the
. . Fig. 14.
spacer, the fill height has sl
_ Coincidence response as sample
has a negligible (<1%) effect fill height for the AWCC in

normal configuration (see Fiqg.
4) using single source (bottom
It is very likely that fill curves) and double source (top
curve) .

for fillings of 9 cm or less.

height considerations related
to geometry and material position will be secondary to self-
shielding absorption and matrix material effects.

If we consider a small sample rather than a large container
with different fill heights, then the response as a function of
position is shown in Fig. 15. Again the response is very uniform
if we avoid the 5 cm regions on the top and bottom. The radial
response drops off by 5% near the walls because then the sample
is farther from both AmLi sources than when it is in the center.

For the configurations using a larger sample cavity (e.g., Fig.
5), the fractional response variation with position change is less
than the above case. Figure 16 shows the vertical response for a
configuration with a 30-cm tall sample cavity. In this case the

response was uniform (+2%) for fill heights between 4 and 24 cm.
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TABLE IV

GEOMETRIC EFFECT OF SAMPLE FILL-HEIGHT
ON COINCIDENCE RESPONSE FOR 20-cm HIGH CAVITY

Sample Fill Height Can on Relative Response
(cm) 5-cm Spacer 10-cm Can on Bottom
1 0.996 1.060
2 0.997 1.050
3 0.998 1.040
4 0.999 1.031
5 1.000 1021
6 1.002 1.015
7 1.004 1011
8 1.007 1.005
9 1.010 1.001
10 1.014 1.000
1l -~ 1.019 0.998
12 1.025 0.996
13 - 0.995
14 - 0.995
15 - 0.998
16 = : 1.000
1.7 - : 1.001
18 - 1.005
19 - 1.010

In summary, very good spatial uniformity has been achieved
without any movement of the sample or sources. As long as the
sample is placed on top of the spacer and in the center of the
cavity, no corrections are necessary in the data analysis.

C. Neutron Interrogation Penetrability

For most applications involving high enrichment uranium, it is
desirable to have good penetration into the sample with the inter-
rogation neutrons. This reduces the number of standards needed
for the calibration and makes the assay less subject to error be-
cause of a mismatch between the sample and the standards. For
these reasons, fast-neutron interrogation is normally used with the
AWCC. However, the walls and end plugs of the AWCC are made of
CH, and this introduces a significant number of low-energy neu-
trons that are above the Cd cut-off energy. These neutrons are
primarily responsible for the nonlinear, self-shielding character-
istic of the calibration curve. 19
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improve the neutron penetration and response line-
a 2.54-cm-thick Ni reflector is placed on the wall of the

improves the counting statis-

tical error as well as the response linearity as a function of

sample mass. This liner,

for the AmLi interrogation neutrons,

by ~25%.

response linearity, we counted uranium

(6-cm diameter)

20

in the center of the AWCC.
on top of each other to obtain the higher mass values;

which acts as a fast-neutron reflector

reduces the statistical error

To evaluate the usefulness of the nickel in improving

(93% enriched) metal disks
The disks were stacked
thus the



self-shielding of the neutrons ' : ‘ ' '
increased as the stack thick- b

B rd
ness increased. The neutron woh =’
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e
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negligible the geometric effect
of the stack height. Figure 17
shows the coincidence response
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for the cases with and without
the nickel liner. The response
for the nickel case is more
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linear but the problem is not % 1000 2000 3000 4000
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severe for either case. 9

The increase in the re- Fig., 17.

sponse at the higher mass Coincidence response vs uranium

. mass for HEU metal buttons in
values (>2,0009 U) is caused by the AWCC with (top curve) and

sample multiplication of the Y%thOUt (bottom curve) the Ni
iner.
induced fission neutrons. For

this type HEU metal button, the self-shielding effect of the in-
terrogation neutrons causes a drop in the calibration curve as the
mass increases; whereas, the multiplication effect causes an in-
crease in the curve with increasing mass. For the important mass
range between v 800-3000g U these two effects nearly cancel each
other resulting in a linear calibration curve, i.e., a uniform
response per g U. This fortuitous result is somewhat subject to
sample geometry, but geometric configurations which reduce multi-
plication, also reduce the self-shielding of the interrogation
neutrons. For the low mass region  1000g U) the self-shielding
effect dominates, and for the high mass region (>3000g U), the
multiplication effect dominates.

To check this effect of sample size, a series of 7-cm-diam.
buttons were counted after completing the measurements with the

6-cm-diam. buttons. These larger diameter buttons had a response
that was 2.2% higher on the average than the 6-cm buttons.



D. System Stability

The 3He detectors were selected for the present application
because of their high efficiency and good stability. They require
negligible warmup time @1 min) and have proven to be durable for
portable applications.

To check the stability and precision of the AWCC, a series of

cyclic measurements were performed using a U30g sample. A
software program was written for the HP-97 that would automatic-
ally cycle the runs, calculate the running mean, the observed
standard deviation, and the predicted standard deviation.

The measurements were performed over several three day periods,
and in general, the observed standard deviations compared well with
the calculated values. For example, for a three day period (~30
cycles) the measured was 0.9% and the calculated value was 0.8%
for the net coincidence counts. For the total counts, the measured
o was 0.05% and the predicted value was 0.02%. For precisions of
less than 0.1%, we would expect the measured to be greater than
the calculated because of systematic errors dominating at this
low level. =

In éummary, the AWCC system has operated with good stability.
Software programs have been written for the HP-97 to automatically
cycle the system and calculate the standard deviation. This should
be useful for field applications, because the performance of the
system can be automatically checked overnight.
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APPENDIX A
CALCULATION OF PERFORMANCE CHARACTERISTICS
The totals (singles) counting rate is given by
T = €,5 + sample contribution,

where S is the AmLi (a,n) source intensity and €4 is the efficiency
for counting the AmLi source. For most uranium assay applications,
the sample contributes a negligible fraction of the total neutrons
and the sample term can be neglected. The accidental coincidence
rate A is given by

A= GT2 = G(SEa)z ’

where G is the coincidence gate length. It can be shown that the
minimum error is achieved when the gate length G is set equal to
1.2 times the neutron lifetime T of the detector. To first-order
approximation, the real coincidence rate R is given by

2
R = KUSEf ’
. 235 5 il :
where U is the mass of U, €& 1is the efficiency for counting

the induced fission neutrons, and K is a constant that includes the
fraction of real events in the coincidence gate length G or 1.27,
the fission cross section, the number of neutrons emitted per fis-

sion, and the geometric coupling between the interrogation source
and the sample. the net signal-to- background ratio is given by

2

R R ]
- LeXT B B .

|

The smaller interrogation sources, S, will give higher signal-to-
background ratios. Also any improvement in the €e/eq ratio will
be squared in its effect on the signal-to-background ratio.
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The relative statistical error in the measurement is given
approximately by

2

2 2
" JE*:—EE-: \/KUSEf + 2.41S €a
E = R = 5 (1)

2

KUSef

For large interrogation source intensities (s>105), the R term
under the radical is negligible and the relative error simplifies
to

E = y2.471T . .

KU

Nl
Nl
-

and it become apparent that significant error reductions can be
made by increasing the efficiency for counting the induced fis-
£ For instance, if by selective CH2 shielding and
neutron moderation, ¢, is reduced by a factor of 2 and €¢ in=-
creased by a factor of 2, the relative error would be reduced by a
factor of 8. Stated differently, the assay time to obtain a given
precision would be reduced by a factor of 64.

To evaluate the influence of the source strength S on the rela-

tive error, we calculated Eg. (1) for different values of S. The

sion, =€

constants K, € and g were determined from mefsurements with the
high-level neutron coincidence counter (HLNCC). Figure 18 shows
the relative error vs S for the HLNCC and the estimated values for
the AWCC. Source strengths as low as %104 n/s can be used with
little loss in assay precision and the error is.independent-of S
for values of S greater than 10° n/s. A 1000-s measurement for
a 200-g 235U sample results in a relative error of ~15% for the
HLNCC and 3% for the AWCC when both units have the same cavity
height;

In practice, the larger source' strengths (>105 n/s) do not
perform as well because of their larger physical size (. 5-cm-diam.
x 13-cm-long). The 5-cm diameter displaces CH, in the end plug
shields thereby increasing &4, and the 1long length effectively
increased the distance between the sample and the source S.
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For small sources (<2 x

lO4 n/s) the background neu- i ‘ ! j
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neutron rate from the sample.
APPENDIX B
THERMAL-MODE OPERATION

The AWCC can be used for measurement applications involving
small amounts of fissile material (<50 g 235U) by converting to
the thermal-neutron interrogation mode. To avoid severe self-
shielding problems, the 235U should have a low concentration and
not be in the form of lumps. This is always the case for low en-
richment uranium because of the uniformly large fraction of 238U.
Examples of this type material are U30g powder and UO, pel-
lets. Examples of high enrichment uranium with a low concentration

of fissile material are 235U-Th and 233ﬁ-Th mixtures found 1in

high temperature reactor (HTR) fuels. In this case the fissile
concentration is low because the uranium is mixed with much larger
quantities of thorium and graphite. Also, some types of scrap and
waste would fit into this general category.
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Materials that normally contain large quantities of hydrogenous
materials should be measured with the AWCC in the thermal-mode be-
cause the sample matrix material thermalizes the interrogation neu-
trons regardless. If the AWCC is in the fast-neutron mode, the
assay perturbation from the hydrogenous matrix is large; however,
if the AWCC is in the thermal-mode, the additional hydrogen in the
sémple has less of an effect. Examples of this type material are:

1. Scrap and waste mixed with rubber gloves or plastic bags.

2. Uranyl nitrate with concentrations ranging from a few

grams per liter to a few hundred grams per liter.

3% Plutonium solutions in the same concentration range as

above.

This last category involving Pu solutions would require both a
passive (i.e., removal of the AmLi sources) coincidence count to
obtain the 240p,, effective, and an active interrogation to obtain
the fissile content. Clearly more research and development is
needed before the AWCC can be applied to this category of material.

To set up the AWCC for thermal-mode operation, do the
following:

1. Remove the Ni liner from the well using the thumb screws

~ provided with the unit.

2.4 Lift out the Cd sleeve which lines the sample well.

3 Remove the Cd cap and Cd disc on the 1lid and bottom plug.

4. Replace the 5-cm tall CH, rings on both the 1lid and

bottom plug.
It is not necessary to remove the bottom plug from the well to re-
move the Cd. A screwdriver is required for the above steps and
the entire operation should take less than 10 min.

To evaluate the AWCC in the thermal-mode, measurements were
made on a set of cans containing low enriched 0308' The cans,
shown in Fig. 12, had a diameter of 10.5 cm and a height of 12.5
cm. The cans typically contained 1 kg of -U3O8 with the
235U enrichment ranging from 0.7-10%.

The results of the measurements are shown in Fig. 19. The net
coincidence response is nonlinear as a function of 235U content

because of neutron self-shielding 1in the UBOB' The sample
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APPENDIX C
ERROR CALCULATION AND GATE LENGTH SELECTION

The statistical error in the measurement is dominated by the
accidental coincidence rate A and this rate is directly
proportional to the gate length G,

A = 1%

for a uniform totals rate T. Thus, it is desirable to keep G as
small as possible and still include most of the time correlated
coincidence neutrons.

The standard deviation in the measurement can be approximated
by

g= J/(R+A) + A

c =/2a ,
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for AmLi source strengths of >2 x 104 n/s. It can be shown that
the fractional standard deviation is minimum when the gate length

G = 1,27 ,

where 1 is the neutron die-away time of the system (i.e., the mean
time for a fission neutron to be captured in detector, matrix, or
to leak from the system).

The value of T is controlled by the thickness of CH, around
the detectors, the number of 3He gas tubes, and the location of
the Cd sleeves for neutron absorption.

The die-away time T can be easily measured in the present
unit by varying the gate length with a source of fission neutrons

252Cf} in the well. Figure 20 shows the coincidence

(e.g., U or
rate for gate settings ranging from 8-128 us and with a fixed pre-
delay of 4-5 s for the HLNCC and AWCC systems. These curves have
the functional form

R=(1l-=e ’
where they are normalized to unity for very large gate values.
Fitting the AWCC data shown in Fig. 20 gives a wvalue of T = 50 us
and thus the optimum gate setting is 64 ys. For the HLNCC,
t =~ 30 ys because it has less CH, in the body.

To check the effect of gate setting on the assay error, we
have calculated the fractional standard deviation from the data
for the different gate settings. Figure 21 shows the relative
error which has been normalized to unity at a 64 us gate setting.
We see that the error increases by 20% for a 32 ps gate and ~18%
for a 128 uys gate. Thus, the AWCC unit is normally operated with
a gate setting of 64 us and it is not necessary to change this
value for routine operation. The AWCC should always be operated

with the same gate setting used during the calibration.
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APPENDIX D

PASSIVE-MODE OPERATION

The AWCC can be operated in the passive neutron coincidence

238 240

mode

to measure U or

low enrichment U02,

fission of 238

Pu.

the passive neutrons from the spontaneous
U can be counted with the coincidence circuitry.

For kilogram quantities of

The half-life for this reaction is 9.86 x 1012 years resulting
in a spontaneous fission neutron yield of 1.1 x 10~2 n/s*g.

Thus, a 10 kg sample of 002
neutron yield of ~110 n/s.

enrichment,

mode and deduce the 235U content.

(low enrichment)

he can measure the

gives a fission

If the inspector is confident of the
238

U in the passive coincidence

If, however, the enrichment

is not known, the 238y can be measured in the passive mode and

the 235

U can be measured in the passive mode and the 2350 in
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the active mode to directly determine the enrichment. Because
the 238U spontaneous fission rates are low, this method is only
feasible for high mass samples.
_ To check this application, samples of depleted uranium ranging
in mass from 1 to 5 kg were counted in the present detector. The
~coincidence response was 0.6 counts/s°kg resulting in a statis-
tical error of 2% for a 10 kg sample counted for 1000 s.

The passive application of the detector to plutonium samples

is much more important than 238

U; however, plutonium applica-
tions are described in detail elsewhere1 for the HLNCC and will
not be covered here. The primary difference between the two de-
tectors is that the AWCC has about three times higher efficiency
-than the HLNCC. Because of this higher efficiency, the AWCC will
have better precision. _

For high mass PuO, samples (>1500-2000 g PuO,) that have
a high 240Pu content, the totals rate would be expected to ex-
-ceed 150-200 kHz. This would overload the electronic circuitry
‘and it would be necessary to reduce the efficiency and also, hope-
fully, the die-away time. One method of doing this is to put a

thin'cd'offtbrbﬁ_sleeve around some or all of the °

He tubes.
Additional development work is needed before the AWCC can be
applied to plutonium samples with such high counting rates.

To convert the detector to the passive mode, the AmLi sources
are removed from both end plugs. The neutron sources should be
placed far enough from the detector so as not to greatly increase

the room background rate.
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